Organisms must be able to grow in a broad range of conditions found in their normal growth environment and for a species to survive, at least some cells in a population must adapt rapidly to extreme stress conditions that kill the majority of cells. Candida albicans, the most prevalent fungal pathogen of humans resides as a commensal in a broad range of niches within the human host. Growth conditions in these niches are highly variable and stresses such exposure to antifungal drugs can inhibit population growth abruptly. One of the mechanisms C. albicans uses to adapt rapidly to severe stresses is aneuploidy-a change in the total number of chromosomes such that one or more chromosomes are present in excess or are missing. Aneuploidy is quite common in wild isolates of fungi and other eukaryotic microbes. Aneuploidy can be achieved by chromosome nondisjunction during a simple mitosis, and in stress conditions it begins to appear after two mitotic divisions via a tetraploid intermediate. Aneuploidy usually resolves to euploidy (a balanced number of chromosomes), but not necessarily to diploidy. Aneuploidy of a specific chromosome can confer new phenotypes by virtue of the copy number of specific genes on that chromosome relative to the copies of other genes. Thus, it is not aneuploidy per se, but the relative copy number of specific genes that confers many tested aneuploidy-associated phenotypes. Aneuploidy almost always carries a fitness cost, as cells express most proteins encoded by genes on the aneuploid chromosome in proportion to the number of DNA copies of the gene. This is thought to be due to imbalances in the stoichiometry of different components of large complexes. Despite this, fitness is a relative function-and if stress is severe and population growth has slowed considerably, then even small growth advantages of some aneuploidies can provide a selective advantage. Thus, aneuploidy appears to provide a transient solution to severe and sudden stress conditions, and may promote the appearance of more stable solutions as well. Importantly, in many clinical and environmental isolates of different fungal species aneuploidy does not appear to have a high fitness cost, and is well-tolerated. Thus, rapid changes in ploidy may provide the opportunity for rapid adaptation to stress conditions in the environment, host niches or in response to antifungal drugs.
ANEUPLOIDY IS QUITE COMMON IN FUNGI AND OTHER EUKARYOTIC MICROBES
Microbial survival requires the ability to adapt and, if an organism is exposed to rapidly changing environments it needs to adapt rapidly as well. Clearly, many mechanisms of adaptation involve physiological responses to environmental stimuli (e.g. altered transcription patterns). However, in extreme stress, such as exposure to antifungal drugs that inhibit or kill the majority of cells in a population, survival may require a response in which a subpopulation generates diversity and some of the diverse progeny survive the stress better than their progenitors. One such mechanism is aneuploidy (the gain or loss of individual chromosomes), which can arise within a single cell division. In this short perspective, I will discuss the role of aneuploidy as both a mechanism of stress response and a mechanism of stress adaptation. This perspective will focus on what we have learned from Candida albicans, a human fungal commensal and pathogen that does not have a complete sexual cycle, is usually diploid, yet can be found in other ploidy states (haploid, tetraploid and triploid) as well as aneuploid states.
Aneuploidy is seen in natural isolates of many fungi including human pathogens [e.g. C. albicans (Perepnikhatka et al. 1999; Selmecki 2006) and Cryptococcus neoformans (Sionov et al. 2010; Gerstein and Berman 2015) ]. Aneuploidy is also common in parasites [e.g. in Leishmania species (Lachaud et al. 2014) ], where mosaic aneuploidy is the rule rather than the exception. Changing chromosome numbers have also been reported in chytrids (Refsnider et al. 2015) . Plant pathogenic fungi have the unusual phenomenon of accessory chromosomes, which are present in some isolates, but not others and appear to be required for pathogenicity on specific hosts [e.g. Fusarium (Ma et al. 2010) ].
While aneuploidy may be more evident in pathogens, it is not unusual in other organisms. It is seen in Saccharomyces cerevisiae, baker's yeast, isolated from a broad range of different natural environments (Ezov et al. 2006; Tan et al. 2013; Hose et al. 2015) and in lab strains, where it can be advantageous under adverse conditions (Hughes et al. 2000; Dunham et al. 2002; Gresham et al. 2008; Chen et al. 2012; Yona et al. 2012) . It is also seen in filamentous fungi, where specific nuclei within a single cellular compartment can have different numbers of chromosome copies (Anderson et al. 2015) . Ploidy changes and unusual mitoses involving polyploidy are also seen during normal Drosophila development (Fox, Gall and Spradling 2010) and in the intestinal epithelial cells of C. elegans (Hedgecock and White 1985) . Furthermore, polyploidy and aneuploidy are seen within many normal human tissues including the liver (Duncan et al. 2010) , as well as in the nervous system (Westra et al. 2008) . The proportion of polyploid cells that generate aneuploids remains controversial (Knouse et al. 2014) .
Aneuploidy is often unstable (Rustchenko 2007) , and organisms usually return to the euploid state, especially if propagated under 'standard laboratory conditions'. Growth in liquid medium, in which cells compete with a large population of individuals, will hasten the shift from aneuploidy to euploidy. Of note, most organisms growing in their 'natural environments' may be under more selective pressure than when grown under standard laboratory conditions. Thus, we posit that methods for growth and storage of isolates may select against aneuploidy inadvertently, such that the proportion of aneuploid isolates detected following lab culturing may be an underestimate of the level of aneuploidy in the natural environment. Indeed, this was documented recently for the amphibian fungal pathogen Batrachochytrium dendrobatidis (Refsnider et al. 2015) where the same aneuploid strain was passaged for 9 and 39 rounds, resulting in chromosome loss in the strain that underwent longer passaging. Importantly, this chromosome loss was associated with attenuated virulence.
SOME ANEUPLOIDIES PROMOTE SURVIVAL/ADAPTATION TO STRESS CONDITIONS
The demonstration that specific genes on some aneuploid chromosomes are responsible for the selective advantage of that aneuploid state (Selmecki et al. 2008; Sionov et al. 2010; Hose et al. 2015) points to the idea that aneuploidy may be a simple and rapid route to achieve phenotypes that can confer a selective advantage under specific stress conditions. Unlike a haploid lab strain that activates the environmental stress response when carrying an extra copy of a chromosome (Torres et al. 2007; Sheltzer et al. 2012) , natural S. cerevisiae isolates do not exhibit this transcription profile (Hose et al. 2015) . Some environmental isolates from North America also carry an extra copy of ChrXII, which carries AQY2, a gene that confers tolerance to freeze/thaw conditions found in the ambient environment Hose et al. 2015) . Isolates from a metal-rich canyon are often aneuploid, triploid or tetraploid (Ezov et al. 2006) and have segmental aneuploidy of ChrsVII and VIII thereby providing extra copies of CUP1, which encodes a metallothionein and CUP2, which encodes the copper-binding transcriptional activator necessary for expression of CUP1 and other genes necessary for copper detoxification (Chang et al. 2013) . It is important to note that aneuploidy per se is not necessarily adaptive: for example, aneuploidy of many chromosomes and chromosome combinations does not confer better growth in drug, and most aneuploidies incur a fitness cost, although it can be a rather low cost in some natural strains (Hose et al. 2015) , as soon as the selective stress conditions are alleviated (Tang and Amon 2013; Hose et al. 2015) .
Aneuploidy has been appreciated as a feature of some drugresistant pathogenic fungi for over 10 years (Perepnikhatka et al. 1999; Selmecki 2006 ). In C. albicans, isochromosome (5L), a segmental aneuploidy, confers resistance to azole antifungal drugs by providing two extra copies of ERG11, the gene encoding the drug target, together with two extra copies of TAC1, which encodes a transcriptional activator of the ABC transporter efflux pumps (Selmecki et al. 2008) . Similar examples have emerged from studies in C. neoformans (Sionov et al. 2010) and analysis of C. glabrata isolates suggests that a similar mechanism could operate in this pathogen as well [reviewed in Kwon-Chung and Chang (2012) ].
That different aneuploid chromosomes confer different phenotypes was illustrated elegantly in lab strains of S. cerevisiae. Rong Li and colleagues found that an extra copy of RLM1 and MKK1 contributed to the ability of disomic ChrXVI to rescue the lethality of a myo2 strain (Rancati et al. 2008 ) and aneuploidy of ChrIV conferred 4-NQO hyper-resistance due to the presence of an extra copy of a single gene, ATR1 (Pavelka et al. 2010) . Using artificially generated genome-wide chromosome deletions and truncations, Dunham and colleagues recently demonstrated that an imbalanced number of specific genes could account for growth phenotypes associated with a particular aneuploidy in S. cerevisiae. Furthermore, they showed that amplification of chromosomal segments carrying many genes confers a range of phenotypic diversity, usually with condition-specific effects (Sunshine et al. 2015) . Recently, an elegant study demonstrated that aneuploidy could facilitate the survival of S. cerevisiae cells following deletion of different 'essential genes'; a substantial proportion of strains that each lacked an 'essential gene' by guest on April 28, 2016 http://femsyr.oxfordjournals.org/ Downloaded from gave rise to aneuploid derivatives, some of which facilitated survival (Liu et al. 2015) . This suggests that aneuploid formation may be a very common strategy used by eukaryotes to overcome severe life-threatening stresses.
Among phenotypes conferred by aneuploidy are changes in colony morphology, a complex trait involving cell shape and cell-cell interactions within a colony. Aneuploidy in natural yeast strains is often associated with morphological changes, including invasive growth, elongated pseudohyphal growth and filamentous colony phenotypes (Wu 2004; Tan et al. 2013; Hose et al. 2015) . Similarly, clinical isolates of C. albicans often exhibit unusual colony morphologies [reviewed in Rustchenko (2007) ]. Interestingly, a common C. albicans lab isolate also exhibits many more colony phenotypes following passage through mice using the tail vein model of systemic candidiasis (Forche et al. 2009 ). This may indicate that growth in a mammalian host induces aneuploidy. An alternative option is that a shift between different growth conditions stimulates production of aneuploids. In either case, aneuploidy can be associated with complex traits, which in turn could be due to imbalances in multiple genes on the aneuploid chromosome(s).
ANEUPLOID FORMATION VIA A POLYPLOID INTERMEDIATE
Approximately half of azole-resistant C. albicans isolates carry at least one aneuploid chromosome (Selmecki 2006) . Why does so much aneuploidy accompany drug resistance? In C. albicans cells exposed to fluconazole and other azoles first undergo a cell cycle delay, followed by uncoupling of bud growth and nuclear events, resulting in the formation of 'trimera cells': cells with three compartments/cell bodies and two nuclei that undergo replication and mitosis to form four daughter nuclei. These rapid events affect a large proportion of cells (>20%), and the conundrum posed by three cells containing four nuclei is resolved by the segregation of two progeny nuclei into a single cell, thereby producing either cells with two independent nuclei (dikaryons) or cells with a single tetraploid nucleus. In the next cell division, many of these cells undergo mitotic divisions involving two mitotic spindles in a single cell, which often cause unequal segregation of chromosomes and the formation of aneuploid progeny (Harrison et al. 2014) . This is reminiscent of how cancer cells often become aneuploid via a tetraploid intermediate that undergoes multipolar mitoses. Furthermore, trimera cells gave rise to colonies containing aneuploid progeny that survived relatively well in the presence of drug. In C. neoformans, aneuploids emerge from polyploid 'Titan' cells , although the details of the cell cycle processes that drive this are not known. We posit that altered ploidy states may reflect transient ploidy shifts that occur during severe stress exposure (including the stress of shifting from lower nutrient environments to higher nutrient conditions in laboratory cultures). In turn, some aneuploids have the potential to mediate a rapid, if imprecise, mechanism that facilitates survival of subpopulations of cells. This bet-hedging mechanism might be particularly relevant in conditions that change dramatically and abruptly such as sudden exposure to high levels of an antifungal drug ).
ANEUPLOIDS RESOLVE TO NEAR-EUPLOIDY
One of the standard features of a eukaryotic organism is its karyotype: the number of chromosomes per haploid set of chromosomes and the 'base ploidy' or number of sets of chromosomes per cell. In fungi, the base ploidy is usually haploid or diploid (one or two sets) even as the number of chromosomes per euploid set is highly variable, from 3 in Schizosaccharomyces pombe to 7 in Neurospora crassa, 8 in C. albicans and 16 in S. cerevisiae. Genome size can range from 2.5 Mb in the smallest microsporidia to almost 900 Mb for Gymnosporangium confusum (Tavares et al. 2014) . In general, the karyotype is considered to be a relatively stable characteristic of an organism; the base ploidy level and even the synteny of genes and centromeres are usually conserved in closely related species.
In C. albicans, the process of chromosome loss that returns tetraploids to diploidy is due to random loss of whole chromosomes (Bennett and Johnson 2003; Forche et al. 2008; Hickman et al. 2015) . Interestingly, for C. albicans, tetraploids formed by parasexual mating (Miller et al. 2006; Bennett 2015) can shift after culturing to near-tetraploid, triploid or diploid states, and transient haploids were also detected in the populations (Hickman et al. 2013) . Aneuploids are intermediates in this process of ploidy change-that is, chromosome loss does not happen through loss of a whole set of chromosomes, but rather through sequential loss or gain of one or more chromosomes (Bennett and Johnson 2003) . In fact, the likelihood that tetraploids or aneuploids will resolve to a particular ploidy state is relatively reproducible, yet the outcome for any given individual often can occur via several different ploidy trajectories (Hickman et al. 2015) .
This raises an important caveat: many aneuploid isolates have more than one aneuploid chromosome, and this could be because the optimal ploidy state has not yet been reached [e.g. Hickman et al. (2015) ]. Alternatively, this could be because genes on multiple chromosomes are required for adaptation and thus aneuploidy of multiple chromosomes is required for optimal growth. Thus, not all chromosomes found in aneuploidy are necessarily relevant to adaptation to a given selective condition; rather, those found at high frequency (and/or in combination) may carry specific genes that provide a selective advantage. The relationship between specific genes and an aneuploid chromosome scenario is more likely if it can be demonstrated that one or more specific genes on the aneuploid chromosome(s) confer an advantage that outweighs the fitness cost of carrying the extra genes on that chromosome (or if the selective advantage of an extra copy of a particular aneuploid chromosome is lost when that specific gene is absent).
THE YIN AND YANG OF ANEUPLOIDY
Work with C. albicans and fluconazole suggests that severe stress conditions likely enhance the frequency of ploidy shifts and subsequent aneuploidy due to chromosome loss or gain (Harrison et al. 2014) , and that specific aneuploidies can provide an advantage that drives selection. The transient nature of aneuploidy may be the key to this Yin/Yang cycle: aneuploidy can arise quickly, and likely can be induced via stress proteins such as Hsp90 (Kaplan and Li 2012) and aneuploidy can also be lost quickly. Thus, if or when a lower cost 'solution' to growth under a specific stress is reached (e.g. homozygosis of a beneficial allele or appearance of a new beneficial point mutation), the cost of aneuploidy will outweigh the advantage and the aneuploid chromosome will be lost. This was illustrated in the case of high temperature growth for S. cerevisiae (Yona et al. 2012) , although the specific mutation that conferred better growth was not reported. For C. albicans, analysis of several series of consecutive isolates from patients highlights the idea that aneuploidy is not the final solution, but it appears frequently during the process of acquisition of drug resistance (Ford et al. 2015) . Furthermore, by guest on April 28, 2016 http://femsyr.oxfordjournals.org/ Downloaded from aneuploidies in these isolates often appear transiently, just prior to the establishment of major changes in drug resistance levels-consistent with the idea that aneuploidy may facilitate the appearance of new adaptive traits.
In summary, aneuploidy is a feature of eukaryotic cells that can arise rapidly and some aneuploidies confer fitness benefits under specific conditions. Aneuploidy arises as the result of defective mitotic divisions and it is transient-in some cases being lost rapidly when the selective conditions are relaxed. This mechanism of generating a broad range of diversity in a short time in mitotic/somatic cells is likely to be especially important in species that undergo little, if any, sexual reproduction, such as many medically important fungi.
